The development of advanced solid lubricants is of considerable importance to space tribology. The most common solid lubricant coatings today are based on MoS 2 , lead or PTFE. However, none of these coatings can simultaneously fulfill all specifications, with regard to friction and wear, under ambient atmosphere and in vacuum. Consequently research is currently being aimed at further improvements in advanced solid lubricant coatings. One approach is to optimize Diamond Like Carbon (DLC) coatings to meet the specifications.
INTRODUCTION
It is known that the hydrogen concentration in DLC plays an important role in its tribological behaviour [1, 2] . Incorporating other doping elements such as nitrogen, fluorine, silicon and some metals can also influence the tribological performance [3] . However, few formulations are capable of offering good tribological performance in both vacuum and an ambient environment.
The investigated polymer-like (i.e. high hydrogen content) DLC coatings have been deposited by means of a high-density Inductively Coupled Plasma (ICP) source. ICP plasmas combine the advantage of a high throughput (due to high plasma density) with low, controllable ion impact energies on the substrate [4] . The technology is fully PACVD-based, which is considered advantageous when compared to the more complex PVD/PACVD hybrid processes.
EXPERIMENTAL
In this paper, three formulations of the highly hydrogenated DLC coatings have been evaluated. All coatings were deposited at a process pressure of 10 mTorr, ICP rf power of 100 W, and 80% CH 4 + 20% H 2 gas mixture, with different biasing parameters (bipolar pulsed dc biasing). The coatings were deposited onto AISI 52100 steel discs which were mirror polished (Ra < 0.01 µm). Substrate hardness was 62 Rockwell C. Prior to DLC coating deposition, the samples were plasma cleaned and a silicon-based interlayer was applied to ensure coating adhesion.
As a quality control, the coatings were characterised for coating thickness, roughness, hardness, hydrogen content and adhesion to the steel substrate. Ball-on-disc tests were performed to assess the tribological behaviour of the DLC coatings under investigation. Uncoated steel (AISI 52100) balls Ø 7.14 mm were used as the counterbody. No additional lubrication was applied to the contact. The coatings were evaluated under vacuum, moist air (50% RH) and dry nitrogen environments. Table 1 shows the quality control results for the different coating types. Critical load values correspond with local coating spallation, both cohesive and interfacial. This failure event occurred inside the scratch track (coating formulations 1 and 2) or at the scratch track borders (coating formulation 3). The results of the ball-on-disc tests (5N normal load) in air and vacuum are summarized in Table 2 , showing that the tribological performance of highly hydrogenated DLC coatings depends strongly on the deposition conditions and the tribotest environment. In vacuum, very low friction coefficients have been reached, compared to sputtered MoS2, for which the friction coefficient in vacuum is typically in the range 0.01-0.06 [5] . Figure 1 shows the results of a more detailed tribological assessment of coating type 2. In this case, the ball-on-disc tests were performed in air, vacuum and dry nitrogen with normal loads ranging from 3.3N to 20N. The results clearly indicate that both friction and wear are predominantly influenced by the test environment, with the applied normal load providing secondary effects. As shown in Figure 1 , the specific disk wear rate (k v ) was relatively low (< 1x10 -5 mm 3 N -1 m -1 ) under all test conditions. The specific wear rate in air was at least one order of magnitude higher than the wear rate in N 2 and lower than the wear rate in vacuum. Post-test microscopic investigation of both the coated discs and balls revealed that the amount of wear debris accumulated near the respective wear scars increased with increasing the normal load for all test environments.
RESULTS AND DISCUSSION
In air and dry nitrogen, the coating did not fail during the test for all normal loads (100 000 cycles). For vacuum tests, coating lifetime is affected by the applied load, yielding lifetimes of 51 500, 67 000, 34 000 and 16 500 cycles for a 3.3, 5, 10 and 20 N loads respectively. As a comparison, when tested in vacuum under reciprocating motion at a load of 20 N, sputtered MoS 2 is capable of yielding a life in the order of 100 000 cycles in comparison with the 16 000 cycles observed for the tested DLC coating. In conclusion, the highly hydrogenated DLC coatings reach a very low friction level in dry and inert environments, (0.02-0.03 in dry N 2 , 0.006-0.013 in vacuum). In humid air conditions, the friction coefficient is increased to 0.2-0.3, showing a less stable level. This can be attributed to a tribochemical wear mechanism, resulting in a less efficient transfer layer and formation of small amounts of wear debris.
